The ver-1A gene was cloned and its nucleotide sequence was determined as part of a previous study on aflatoxin B 1 (AFB 1 ) biosynthesis in the filamentous fungus Aspergillus parasiticus SU-1. A second copy of this gene, ver-1B, was tentatively identified in this fungal strain. In this study, ver-1B was cloned by screening an A. parasiticus cosmid library with a ver-1A probe. The nucleotide sequence of ver-1B was determined. The predicted amino acid sequence of ver-1B had 95% identity with ver-1A. A translational stop codon, found in the ver-1B gene coding region, indicated that it encodes a truncated polypeptide. To confirm the function of the ver-1 genes in AFB 1 synthesis, a plasmid (pDV-VA) was designed to disrupt ver-1A and/or ver-1B by transformation of the AFB 1 producer A. parasiticus NR-1. One disruptant, VAD-102, which accumulated the pathway intermediate versicolorin A was obtained. Southern hybridization analysis of VAD-102 revealed that ver-1A but not ver-1B was disrupted. A functional ver-1A gene was transformed back into strain VAD-102. Transformants which received ver-1A produced AFB 1 , confirming that ver-1A is the only functional ver-1 gene in A. parasiticus SU-1 and that its gene product is involved in the conversion of versicolorin A to sterigmatocystin in AFB 1 biosynthesis. A duplicated chromosomal region (approximately 12 kb) was identified upstream from ver-1A and ver-1B by Southern hybridization analysis. This duplicated region contained the aflR gene, which is proposed to be one regulator of AFB 1 synthesis. A similar gene duplication was also identified in several other strains of A. parasiticus.
Aflatoxins are difuranocoumarin secondary metabolites produced by certain strains of the imperfect fungi Aspergillus flavus, Aspergillus parasiticus, and Aspergillus nomius (3, 12) . Aflatoxins are occasionally found as contaminants in agricultural commodities such as corn, peanuts, and cottonseed (6) . Because of their potent carcinogenic effects on laboratory animals such as rats, ducks, and monkeys (1, 34) , aflatoxins are considered to be a potential threat to human health and are an economic problem in many areas of the world (20) .
Current preharvest approaches utilized to eliminate aflatoxin contamination have not proven to be totally effective. Promising alternative approaches which utilize biocontrol agents or genetically modified host plants to provide resistance to aflatoxin synthesis or fungal infection have been proposed. A detailed understanding of the aflatoxin biosynthetic pathway at the molecular level will aid in the pursuit of these newer approaches. For this purpose, it was necessary to clone genes involved in aflatoxin biosynthesis and to establish their function. Several genes involved in aflatoxin B 1 (AFB 1 ) biosynthesis have been cloned in A. flavus and A. parasiticus, including nor-1 (10) , ver-1 (29) , omtA (36) , fas-1A (24) , pksA (9, 32) , norA (7) , and aflR, thought to encode one pathway regulator (8, 26) . These genes were shown subsequently to be part of a gene cluster in the A. flavus-A. parasiticus genome (32, 37) .
The ver-1 gene was isolated based on its ability to complement the genetic block in the versicolorin A (VA)-accumulating mutant strain, A. parasiticus CS10 (29) . The complementation data suggested that the cloned ver-1 gene is involved in the conversion of the AFB 1 pathway intermediate VA to sterigmatocystin (ST). Southern hybridization analysis indicated that there are two copies of ver-1 (designated ver-1A and ver-1B) in A. parasiticus ATCC 56775 (SU-1) (28) . The nucleotide sequence of ver-1A has been reported, and it suggested that ver-1A encodes a ketoreductase activity (29) . However, the function of ver-1A and ver-1B and the regulatory mechanisms governing their expression remained to be established.
In this report, the nucleotide sequence of ver-1B was completed. The data indicated that ver-1B encodes a truncated, nonfunctional translation product. Recombinational inactivation and genetic complementation experiments confirmed that ver-1A is the only functional copy of ver-1 in A. parasiticus SU-1 and that its gene product is directly involved in the conversion of VA to ST.
MATERIALS AND METHODS

Strains and plasmids. Escherichia coli
) relA1⌬ (lacZYA-argF) u169 :(m80 lacZ⌬M15)] (Gibco BRL, Life Technologies, Inc., Gaithersburg, Md.) was used to propagate plasmid DNA. A. parasiticus ATCC 56775 (SU-1 [3] ), a wild-type aflatoxin-producing strain, was used as the control strain. The nitrate reductase (niaD)-deficient strain, NR-1, derived from A. parasiticus SU-1, was used as the recipient strain for ver-1 gene disruption analysis. VA, used as a standard in thin-layer chromatography (TLC) assays, was purified from A. parasiticus ATCC 36537 (ver-1 wh-1) according to the procedure of Lee et al. (23) . Six aflatoxinproducing A. parasiticus strains, SRRC 77, 143, 1039, 2004, 2039B, and 2382 (kindly provided by M. A. Klich, Southern Region Research Center, U.S. Department of Agriculture), were used for analysis of aflatoxin gene duplication.
Plasmid pDV-VA (Fig. 1A) was constructed for ver-1 gene disruption. A 4.4-kb PstI genomic DNA fragment containing ver-1A was inserted into pBluescriptII SK(Ϫ) to generate pVer-AP. This plasmid was cut near the middle of the ver-1A coding region (StuI) and blunt end ligated to a 6.2-kb PvuII fragment containing the functional niaD gene. For ver-1 complementation experiments, plasmid pVer-Ben (Fig. 1B) was constructed. A 4.1-kb XbaI-XhoI DNA fragment containing ver-1A was subcloned into pBluescriptII SK(Ϫ) to generate pVer-AX. Then, a 7.0-kb XbaI fragment containing the ben r gene (confers resistance to benomyl) from pYT1 (35) was inserted into pVer-AX to generate pVer-Ben. pSL82 (18) , a plasmid containing a complete copy of niaD, and pYT1, containing ben r , were used as positive controls in recombinational inactivation and genetic complementation experiments, respectively.
Transformation of fungal protoplasts. Fungal protoplasts were transformed by a polyethylene glycol procedure (25) with minor modifications as described by Skory et al. (30) . Cells transformed with plasmid pSL82 and pDV-VA were screened for their ability to utilize nitrate on a defined medium, Czapek Dox agar (CZ agar; Difco), containing 20% sucrose as the osmotic stabilizer. When transformed with pYT1 or pVer-Ben, benomyl-resistant transformants were selected on CZ agar containing benomyl (2 g/ml). Transformant colonies were then transferred to coconut agar medium for screening aflatoxin production by visualization of blue fluorescence under UV light (13) .
Preparation and analysis of genomic DNA from fungal cells. YES broth (2% yeast extract, 6% sucrose [pH 5.8]) was used to grow fungal mycelia for preparation of genomic DNA. One hundred milliliters of YES in a 250-ml Erlenmeyer flask was inoculated with 2 ϫ 10 6 spores of individual fungal isolates and incubated on a rotary shaker at 150 rpm at 30ЊC in the dark. Cultures were grown for 48 h, and a phenol-chloroform protocol previously described (30) was used to isolate genomic DNA from mycelia. Restriction enzymes were purchased from Boehringer Mannheim Biochemicals (Indianapolis, Ind.) and used according to the manufacturer's instructions. Enzyme digestion, agarose gel electrophoresis, and Southern hybridization analyses were performed according to standard procedures (2) . Radiolabeled DNA probes were generated with a random-primed DNA labeling kit (Boehringer Mannheim Biochemicals) by incorporation of [␣-
32 P]dCTP (DuPont). Analysis of VA and aflatoxin production. To qualitatively determine the metabolites which accumulated in transformant colonies, TLC analysis was performed on activated silica TLC plates (10 by 10 cm) with chloroform-acetone (95:5) as a solvent system. A mixture of aflatoxins B 1 , B 2 , G 1 , and G 2 (Sigma) and semipurified VA was resolved on the same plate as reference standards. To identify the production of VA in ver-1 gene-disrupted transformants, TLC analysis was performed with benzene-acetic acid (95:5) as a solvent system. The yellow pigment that comigrated with the VA standard was scraped from the plates and dissolved in methanol or ethanol, and the A 200-600 spectrum was determined. The spectrum was compared with previously published spectrum data for pure VA (17) .
Nucleotide sequence analysis. A 1.7-kb EcoRI-HindII DNA fragment containing the ver-1B gene was sequenced by using eight overlapping subclones which were inserted into pBluescriptII SK(Ϫ). DNA sequence analysis was performed on both strands with T3 and T7 primers by the dideoxy-chain termination method (27) with an automated nucleotide sequencer (ABI robotic catalyst and 373A DNA sequencer) at the Plant Research Laboratory at Michigan State University. Nucleotide sequence data were analyzed with the Wisconsin Genetics Computer Group package. A comparison among the predicted amino acid sequences of ver-1A, ver-1B, the Streptomyces coelicolor actIII gene, and the Magnaporthe grisea ThnR gene was made with Gap and aligned with Pileup software (Genetics Computer Group).
Nucleotide sequence accession number. The accession number of ver-1B is U63994.
RESULTS
Identification of a duplicated chromosomal region containing the ver-1 gene. Southern hybridization analysis confirmed that two copies of ver-1 are present in the genome of A. parasiticus SU-1 (Fig. 2 ). The copy (2.1-kb EcoRI fragment) located on cosmid NorA, which contains several genes in the AFB 1 gene cluster (32), was designated ver-1A whereas the copy (5.1-kb EcoRI fragment) on cosmid Ver2, which contains genomic DNA from a separate region, was designated ver-1B (see schematic diagram in Fig. 3A ). Restriction fragment length polymorphism analysis of these two gene copies and the cloned ver-1 gene confirmed that the gene previously cloned is ver-1A (data not shown). The 5Ј flanking region of ver-1A (3.2-kb EcoRI fragment) hybridized to a similar-sized DNA fragment upstream from ver-1B, indicating that there is a duplicated region flanking the ver-1 gene in the chromosomal DNA (data not shown). To determine the extent of this duplication, Southern hybridization analysis of A. parasiticus SU-1 genomic DNA was performed with DNA fragments adjacent to ver-1A (isolated from cosmid NorA) as probes (see schematic diagram in Fig. 3A) . At least two DNA fragments hybridized with the 1.4-kb (contains part of the aflR), 3.2-kb, and 2.1-kb (contains ver-1A) EcoRI probes in genomic DNA digests, but only one fragment was detected with the 1.9-kb (Fig. 3B ). Since only one of the restriction enzymes utilized in the analysis cut within any of the fragments used as probes (SmaI cut within the 2.1-kb EcoRI fragment), the data suggested that the region of duplication extended approximately 12 kb upstream from ver-1A and ver-1B genes.
The genomic DNAs of six other wild-type aflatoxin-producing strains of A. parasiticus were also analyzed by Southern hybridization using a 1.4-kb EcoRI DNA fragment (see schematic diagram in Fig. 3A ) and a ver-1A cDNA as the probes (Fig. 4) . The data indicated that four of six strains (SRRC 77, 143, 2004, and 2382) tested had two copies of ver-1 and aflR (Fig. 4) . Two strains, SRRC 1039 and 2039B, contained only one copy of ver-1 (Fig. 4B) . The aflR data for these two strains were not clear (Fig. 4A ). These two strains may contain two copies of aflR, but we cannot rule out the possibility that a polymorphism within the 1.4-kb region generated two XhoI fragments in these two strains.
Nucleotide sequence analysis of ver-1B. Nucleotide sequence analysis of a DNA fragment containing ver-1B was conducted on both DNA strands. The alignment of the predicted amino acid sequences of ver-1A and ver-1B demonstrated that these two genes have 95% identity at the amino acid level (Fig. 5) . A translational stop codon was identified in the coding region of ver-1B (residue 87; see asterisk), indicating that the ver-1B gene encodes a truncated polypeptide.
Functional analysis of the ver-1 genes via recombinational inactivation and complementation. To confirm gene function, plasmid pDV-VA (Fig. 1A) was designed to disrupt either copy of the ver-1 gene by homologous recombination (gene replacement). pDV-VA was linearized with XbaI and XhoI and transformed into an AFB 1 -producing strain, A. parasiticus NR-1 (afl ϩ niaD mutant). In two separate experiments, a total of 250 transformant colonies were generated. One clone, A. parasiticus VAD-102, which lost the ability to produce aflatoxin but did accumulate a yellow pigment (presumptive VA) based on an initial screen on coconut agar medium was identified. TLC analysis of cell extracts confirmed that VAD-102 did not produce AFB 1 or G 1 but instead accumulated VA (Fig. 6) . Southern hybridization analysis was conducted on genomic DNA (extracted from VAD-102) digested with several different restriction endonucleases individually or together (Fig. 7B) and probed with the radiolabeled probes 1 and 2 shown in Fig. 7A . The pattern of resulting hybridizing fragments in each digest demonstrated that ver-1A but not ver-1B was disrupted by gene replacement in VAD-102. However, additional DNA fragments not predicted for a simple disruption event also hybridized to the probes (Fig. 7B) , suggesting that multiple integration of the disruption vector occurred in the genomic DNA. Southern hybridization analysis of these same DNAs using the niaD gene as a probe showed that the illegitimate recombination did not occur at the niaD gene locus (data not shown).
To confirm that loss of AFB 1 synthesis in VAD-102 was due to disruption of ver-1A, this strain was transformed with pVerBen (Fig. 1B) containing ver-1A and ben r as a dominant selectable marker. Nine benomyl-resistant transformants were obtained. TLC analysis of cell extracts of five transformants (A. parasiticus VAD-BV 1 through 5) demonstrated that they were able to produce aflatoxin although they still accumulated VA (Fig. 8A) . Based on Southern hybridization analysis of their genomic DNA, the five aflatoxin-producing transformants all contained at least one copy of the wild-type ver-1A gene (2.1-kb EcoRI fragment [ Fig. 8B] ). It was difficult to identify the site of integration of pVer-Ben in these transformants because the recipient strain already harbored multiple truncated ver-1A sequences. The different location and copy number of the wild-type ver-1A gene in the aflatoxin-producing transformants may explain different levels of AFB 1 and VA observed. The remaining four benomyl-resistant transformants (VAD-BV 6 through 9) did not produce detectable AFB 1 (Fig. 8A ) nor did they contain wild-type copies of ver-1A (Fig. 8B) . These data suggested that disruption of ver-1A in VAD-102 accounted for the accumulation of the pathway intermediate VA and that a wild-type ver-1A gene could complement this genetic block in the disruptant strain.
DISCUSSION
The data confirm that the ver-1A gene is directly involved in the conversion of VA to ST in AFB 1 biosynthesis in A. parasiticus SU-1. Of the two copies of the ver-1 gene present in this strain, only ver-1A is functional. A nonsense mutation occurred in the coding region of ver-1B which likely resulted in synthesis of a truncated polypeptide with no function. The direct involvement of a homolog of ver-1A in ST biosynthesis in Aspergillus nidulans was also confirmed in disruption of the stcU gene, which was cloned based on sequence homology to ver-1A (21) . Disruption of the stcU gene led to a block in ST production and accumulation of VA.
In this study, a linearized plasmid was used to disrupt the ver-1A gene by gene replacement. A study performed by Tatebayashi et al. (31) , which analyzed the DNA fragments generated by illegitimate recombination in Schizosaccharomyces pombe, demonstrated that linearized DNA can recircularize and integrate into multiple sites in genomic DNA through homologous or nonhomologous recombination. These data may explain the fact that not only was ver-1A disrupted by gene replacement but also the disruption plasmid recircularized and integrated (apparently multiple copies based on hybridization signal intensity) at one or several loci.
Recently, transcript mapping together with gene complementation and inactivation experiments in A. parasiticus showed that the aflatoxin pathway genes pksA, fas-1A, nor-1, aflR, norA, ver-1, and omtA are clustered in one linkage group (32, 37 that part of the gene cluster is duplicated in A. parasiticus SU-1. At least three previously identified genes, ver-1, norA, and aflR, are located in this duplicated region. Analysis of six other A. parasiticus aflatoxin-producing strains indicated that this duplication may be widely distributed in A. parasiticus strains. To date, the presence of only one copy of any of these genes has been demonstrated in A. flavus (28) . Nearly all A. parasiticus strains isolated produce aflatoxins, whereas many A. flavus isolates (up to 40% or more) produce no aflatoxins (4, 11) . This observation leads us to speculate that this phenomenon may be related to the duplication of a portion of the gene cluster in A. parasiticus (especially the duplication of one of the pathway regulators) but not in A. flavus. However, more studies are needed to shed light on this issue.
While the relationship between the stability of aflatoxin production and the aflatoxin gene duplication is still a mystery, it was shown in this study that gene duplication alone does not determine the level of aflatoxin production in A. parasiticus. Of the seven A. parasiticus strains analyzed in this study, three (SRRC 77, 143, and 1039) are relatively low aflatoxin producers, one (SRRC 2382) is a moderate aflatoxin producer, and three (SU tone cleavage and rearrangement, oxidative decarboxylation, and methylation (5, 14) . Nucleotide sequence analysis of the ver-1 gene suggested that it may encode a ketoreductase (29) . A comparison of the predicted amino acid sequence of ver-1 with the published polypeptide sequence for the S. coelicolor actIII gene (16) , which encodes a ketoreductase associated with biosynthesis of the polyketide actinorhodin, demonstrated a significant level of identity (ϳ30%) between these proteins (29) (Fig. 5) . Based on this result, the ver-1-encoded protein was proposed to be responsible for a deoxygenation reaction. Unfortunately, the timing of deoxygenation in conversion of VA to ST is still ambiguous because no putative intermediates have been isolated from aflatoxin-producing strains. 6-Deoxyversicolorin A (6-deoxy VA), however, has been identified to be a metabolite of Aspergillus versicolor which produces ST (15) . This prompted us to propose that the ver-1-encoded pro- tein is involved in the deoxygenation of VA to form 6-deoxy VA. In support of this proposed scheme, a polyhydroxynaphthalene reductase (T 4 HN reductase) involved in melanin biosynthesis in M. grisea was recently purified to homogeneity (33) . This reductase displays a 66% identity and 82% similarity with the deduced amino acid sequence of the ver-1A gene product (Fig. 5) . The dehydroxylation reaction in part catalyzed by M. grisea T 4 HN reductase is entirely analogous to the proposed deoxygenation of VA (Fig. 9) . The other analogous reaction is the reduction of emodin to chrysophanol at an early stage of the biosynthesis of ergochromes, fungal pigments produced by Claviceps purpurea. This conversion, mediated by NADPH, is believed to consist of two steps, reduction and dehydration (19) . Based on these observations, we hypothesize that VA is processed by two successively operating enzymes, the product of the ver-1 gene and a dehydratase, to form 6-deoxy VA (Fig. 9) . The drawback of this hypothesis is that 6-deoxy VA has been reported to fail to convert to AFB 1 by feeding studies (15a). Before completely understanding the conversion of VA to ST, however, it is necessary to clone several other genes involved in this complex reaction. Keller et al. (22) have isolated a second gene, stcS, involved in the conversion of VA to ST in A. nidulans. stcS is located within 2 kb of stcU (ver-1A homolog) in the ST gene cluster. The close spatial relationship between these VA-associated genes could lead to future studies focused on the isolation and characterization of other genes involved in the conversion of VA to ST in order to more clearly understand this process.
